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‘1’his paper discusses rcccnt  activities of Jet Propulsion Laboratory (JP1,)  in the dcvclopmcnt  of a ncw type of remote
sensing mu]tispcctral  imaging instruments using acousto-optic  tunab]c filter (AOq’iJ)  as progranuuablc  bandpass filter.
‘J’his  remote sensor provides real-time operation; observational flexibility; mcasurcmcnts  of spectral, spatial, and
polarization information using a single instr-umcnt;  and compact, solid state structure without moving parls.  An AOTF
multi spectral imaging prototype systcm for outdoor field cxpcrimcnts  was designed and assembled. SOINC  preliminary
cxpcrimcntal  rc.suits arc reported. The field systcm wi II bc used to invest igatc spcct ral and polarization signatures of
natural and man-made objects for evaluation of the technology feasibility for remote sensing applications. III addition, an
airbomc  prototype insirumcnt  is currcnt]y  under dcvc]opmcnt.

1. INTRODIJCI’JO.N

The multispcctral  imaging systcm  using acousto-optic  tunable filter (AO1’li) provides unique observation capabilities. M
can observe a sccnc as a function of spatial, spectral, polarization, and time coordinates, namely, all the information
parameters available through the clcctromagnctic  wave medium. Dasically,  AOI’F is a high resolution, fast tunable spectral
bandpass filter using the diffraction of incident light beam at a moving grating produced by an acoustic wave in a
bircfringcnt  crystal. An AO1’lT instrument is capab]c  of taking two orthogonally po]arizcd images at a desired wavc]cngth
at onc time. ‘1’hc selection of operation wavelength is done by tuning the frequency of a RF power applying the transducer
on the crystal. l’hcrcforc, the fdtcr can operate in a sequential, random (wavelength hopping), or mult  ip]c wavelength mode,
providing a unique operation flexibility.

A03’1’s can provide high spectral rcsohdion odA)t)  of 102-104. ‘1’his high resolution capability gives opportunities of
characterizing materials through the mcasurcmcnt  of its reflection, absorption, or emission spectra.

‘1 ‘hc operation wavelength range of an A03Y depends on the bircfringcnt  crystal used. l~or example, ‘1 ‘C02 crystal is a
common bircfringcnt  matmial  transparent in a wavelength range of 0.4-5 microns. A07’F can operate in any ~vavclcngth
within this t ransparcnt  range, but each AO’l’l: can only operate within a wavclcngh range in onc octave, bccausc  of the
t ransduccr operation frequency limitation. Other attractive features of using an AO1’F include larp,c throughput; co]npact,
rug~,cd  and lightwcipj)t  construction; and all solid-state structure ~vithout  moving par[s.

III the past, wc built two AO1’F imaging spcctromctcr  breadboard systems covering visib]c  to shorl-wavclc@h  infrared
wavelength ran.gcs and demonstrated successfully capabilities to identify minerals and map content distributions;

14 ‘In addition, wc demonstrated the usc of an opti<:alcharac,tcriz.c  botanical objects; and measure polarization sip,naturcs.
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fiber bundle as image transfer vchiclc in the AO1’F systcm  with the objcctivc  to clcvclop  an AO1’F systcm  with a flexible
obscrvaticm  head in future.

in this  paper, wc discuss rcccnt  progress at J]’]. in the dcvclopmcnt  of AO’l’Ii  multispcclral  imaging systems for remote
scnsinc applications. ‘1’hc work includes design, assembly, and tests of an AO’I’J polarimatric muhispcctral imaging
prototype sys[cm for outdoor fickl  remote sensing cxpcrimcnts  as well as preliminary design of an airborne prototype
systcm,  ‘J’hc  objcctivc  of this task is to evaluate AOTl; multispcctral  imaging technology for Army spat.c tactical
applications and remote sensing in general.

&Gl_~mlO\.Al  .DX:SCIRIPTION .OF.40’I’F.-. — .—

1 ]arris and Wallaccs  proposed the first AO1’F utilizing  collinear acousto-oj]tic  interactions. 1 /atcr, Chang6  invented the
noncollincar  AO’I’l:. “l”hc noncollincar  AOTI:  has large angular aperture and is suitab]c  for multispcctral  imaging
applications.

IJigurc 1 shows the schematic of a noncollincar  AOTF. It consists of a bircfringcnt  crystal to which onc or several
piczoclcctric  transducers arc bonded. When a RF signal is applied, the transducer gcncratcs  acoustic waves launching into
the crystal, “1’hc  propagating acoustic waves produce a periodic modulation of index of refraction. This provides a moving
phase grating that diffracts portions of an incident light  bean]. lior a tired acoustic frequency and s~lfflcicntly long
interaction length, only a narrow band of optical frcqucncics  can satisfy the phase-matching condition and bc diffracicd.
As the R1; frequency changes, the ccntcr  of optical bandpass than.gcs accmdingly,  bccausc  the phase-matching condition
must bc satisfied.

‘1’hc above description of an acomto-optic  spcc.tral filtering mechanism applies to both an isotropic medium and to a
bircfringcnt  crystal. 1 Iowcvcr, in an isotropic medium the filtering action is cxtrcmcly  sensitive to the angle of the light
incidcncc  and is thus usable onlv for collin~atcd  li~ht.
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IJigurc  1. Schematic of a non-collinear A03’F. “1 ‘hc filter diffracts an incoming beam into two
orthogonally polarizc,d  bcan~s  at a sclc.ctcd  wavelength.
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Figure 2. Wave vector diagram (k-space) for noncollincar  AOI’F
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in an anisotropic  mcciium  such as a uniaxial  crystal, there arc two different refraction index surfaces: onc for the ordinarily
polarized light and the other for the extraordinarily polarimd  light. in this case, the acoustic wave may diffract an incident
po]arizcd light into the orthogonal polarization. l;or  this bircfringcnt  diffraction it is possible to satisfy the phase-maiching
condition for incident light having a range of iacidcncc  angles. l;igurc  2 gives a wave vector diagram to illustrate the basic
c.onccpt  for acousto-optic  diffraction in a uniaxial  crystal. ?’hc acoustic wavcvcctor  is chosen so that lhc tangents to the
inc,idcnt and diffracted light  wavcvcctor  surfaces arc parallc].  WIIcn this parallel tangent condition is met, the acousto-optic
diffraction bccomcs relatively insensitive to the angle of light incidcncc,  a pmccss that is rcfcrrcd to as noncritical
~~l~asc-l~~atcl~il~g.  If the incident beam is unpolarized, there will bc two orthogonally polarixd cliffractcd  beam exiting at
the opposite sides ofthc undiffractcd beam, as illustrated in Figure 1. This provides opportunities to measure polarization
of incident light.

‘1’cllurium  oxidc(’l”cOz)  is the prcfcrrcd acousto-optic  material for the visible, near-infrared and mid-infrared spectral regions
(0,4-5 microns) bccausc of the availability of high-quality crystals. 7 ‘1’here arc several other materials that can bc used in
the far-infrared range (to 11 n]icrons).E Among thcm, ‘1’13ASSC3 is the onc that is commercially availab]c.  For ultraviolet
wavelengths, quart?. is a good candidate. q ‘his work usc AO1’l~s of “l’cOz  .

“1’hc systcm contains an optical subsystcm,  two integrating ((D cameras, a R]: generator and a power amp]ificr,  a 386 PC
compatible computer for cent rol and data acquisition, and monitors. ~’hc unique par-t of the systcm  is the optical
confip,uration  which is discussed briefly in the following paragraphs.



AO’J’lJ imposes two restrictions on optical systcm design. I’hc first is the small field of view of the filter, about 6-10
dc~rccs  in full field of vim’, depending on dc.sign. 21]c second is the limitation of AOI’l:  aperture size due to fabrication
tcclmology  limitation and attenuation of acoustic wave in AO crystal. la general, any observation sys[cm  shall have high
collection cfhcicncy. 2 ‘his rcquircmcnt  is specially imporlaut for the AO’l’Ii system, because it is a l~i.gh-resolution
instrument. With these  restrictions and application rcquircmcnts  in mind, we dcsignod  an optical system which utilizes
maximum capabilities provided by AOTJ7.

l;igurc 3 gives an illustration ofthc optical configuration used in the newly-assembled AOTF multispcctral  imaging systcm
for outdoor observations. It contains a 3 inch aperture, zoom tclclcns set with variable focal length of 80-120 mm as tbc
objective lens; an aperture locating at the objcctivc  lens image plane for allowing only photons from the desired scene  to
pass through; a collimating, lens (f= 40mm)  to crcatc an intcrmxliatc  pupil plane  whose cross section is comparab]c  with that
of AO1’l:; an AO’I’F locating at the pupil plane, a field lens to crcatc  adequate beam diversion for imaging at the cameras;
and two cameras for recording two polarized images separately. The distances between the field lens and cameras arc
relatively long, bccausc  of the small diffraction anslcs in the A@l’li  used. “l”his  distance will be substantially rcducccl  after
an adequate AOI’F becomes available.

According to geometric optics, the ratio of fl/fz  is equal to az/uf and dl/dz, where fl and fz arc focal lengths of objcctivc
lens and collimating length, al and ct2 arc acceptance angles of the systcm  and AOTI~, and dl and dz arc apertures for
objcctivc  lens and AOTF, respect ivcly. These relationships provide a guide to design an AOTF systcm. III our system, wc
uses off-the-shelf optical components with some compromise. az and dz of the AO’J’F used in the system arc 7° and 10
mm, respect ivc]y.  l’hc fl/fz ratio of our system varies within the range of 2-5, because a 700111 lens set is used. ~’hcrcfore
the system field of view can vary within a range of 1.4-3.5 dcgrccs. ‘1’hc field  of view in this range is adequate for outdoor
observations of natural and man-made objects.

l~igurc  4 gives a photo of the ground systcm  without cover. ~’wo Photometries Star-1 integrating silicon CCIJ camera arc
used as shown in the photo. ‘1’hc time integrating capability provides opportunities to observe objects under a wide x-mgc of
light conditions. “J’his capability is nccdcd for the evaluation ofthc AOTF muhispcctral  imaging technology.

1 Figure  3. Schematic diagram of the ground system optical configurate ion.
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Figure, 4. Photo ofthc ground system without the cover,

~ ,2.1 l{gflc~!iyc .Spcdra of Bastnacsitc  Rock——-. .-— —

“1’hc cxpcrimcnt  purpose is to test systcm capability of measuring spectral propcr[ics  of an object. A bastnacsitc  rock
sample from the Mountain Pass, California, was used. “1’his mineral contains neodymium and samarium fluorocarbonatc  in
a silica matrix. lhring the mcasm-cment,  the rock was illuminated by a sunlamp. A small compressed I I Al JON powder
disk was placccl  on the rock as rcfcrcncc reflector whose scattering rcflcctancc  is unity over the wavelength range of interest.
Under this condition, the systcm has the ability to compute the reflectivity and output the rcflcctancc  spectrum directly.
IJigurc 5 gives two measured rcflcctancc  spectra of a sclcctcd  portion of the rock at two polarization directions. ‘1’hc
measured spectra for both polarization directions arc practically the same, as cxpcctcd  from the rock sample, bccausc the
reflect ion from the rock surface do not have any polarization effect, ~’hc figure also gives a rcflcctancc  spectrum of a
sin]ilar san~p]c using a conventional high-resolution Beckman spcctromctcr  for comparison.9 This sin]ilarity  among the
three spc.ctra  illustrates the capability of the system for measuring accuratc]y  mflcctancc  spcct  ra, including polarization.

3,2,2 O_u!dWr Sl~cctI”a!_O_b5cr\~at  ions——.  —.. —

WC did the first outdoor test in a heavily cloudy day with occasional rains. l’hc light condition was very poor. Rcc.ausc of
using the integrating cameras, wc were able to take reasonable good spectral photographs. Figure 6 gives two images of a
rcd-brotvn-co]orcd  roof house and surroundings located about onc Km away from the systcm. Onc was taken at 770 m at
which the chlorophyll reflection from vcgctat  ion was strong. 3 ‘he other was taken at 630 mn (red) and vcgctat  ion reflection
was weak. 1 ‘here arc a nmbcr of interesting feat urcs appearing clearly in comparison of these two photos. l;or example,
the rcd roof was very bright in the 630 m picture, but dark in the 770nn1  picture. A street light fixture above the house
was clearly observable in the 630 m picture, but not in the 770 m picture. “1’his could be due to the fact that the
background tree leaves bccamc  as bright as the light fixture at 770 mu, liurthcrmorc,  unclcr this condition, electrical power
lines above the house bccomcs observable in the infrared picture, but not in the 630 ml picture. in the Iowcr part ofthc 630
m pic.turc,  there is a black line, due to a power line located at some distance away fronl the front of the house. ]Iut this
black line disappears in the 770 ml picture. ‘l’his disappearance could bc duc to spectral properties of the coatinc  nmtcrial
on power line.
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‘1’hc above stated observations illustrates the discriminate ing capability of multispcctral  imaging. More cxpcrinmts arc in
progress with the objectives to km cffcctivc  ways of usinc the multi spectral imagin~  instrument, to evaluate the
Icchnology feasibility, and to collect valuable signature data.

4. Jjlll BF.DESCIU  ?I’I.ON OI’.A1R11ORNE PROTOIWPII  SYSILEM

Wc starkxl  to develop an AOTl~ muhispcct  ral imaging prototype systcm for airborne technology demonstration cxpcrimcnt.
‘1’hc cxpcrimcnt  will bc carried out from a platform in a jet airplane. A tentative specification list of the airborne systcm
was crcatcd by a joint effort of Acrospacc Corporation, JP1,, Massachusct  [s 1 nst itutc  of l’cclmologyfl  .incoln  1.aborat ory,
U.S. Army lntclligcncc  Center and School, and U.S. Army Space ‘1’cchnology  and Research Offkc. l’hc tentative
spccifmations  arc briefly stated in the following:

1,
2.

3. .

4.
‘i. .

6,
7.

A NASA-lXwis l.acr Jet will bc the cxpcrimcnt  platform at an altitude about 30000 fi.
Sample rate of the systcm is 60 frames pcr second. The time rcquircxl for observing a tar.get is onc second at
minimum.
Spatial resolution is 1-2 meters.
IMfcctivc  Iargct cross section is equal or larger than 4 m2.
Si (Cl) focal plane arrays of 64x256 pixels available from M1”J’/I  .inmln I,aboratory will bc used. “1’hc arrays
will operate at the airplane cabin tcmpcraturc  without any cooling if the signal-to-noise ratio is acceptable.
Dctcctcd  signals will bc in 12 bit format, This provides a dynamic range of 4096.
The instrument will on NASA-An]cs Gyro Stabilized I lclistat  for observation and target tracking. There will bc
two tracking cameras, onc narrow field-of-view camera to bc borcsightcd through AOI”F zcroth order image and
onc wide-angle searching and pointing camera.

l~unctionally,  the systcm contains three subsystcm:  optical, signal acquisition and storage, and target tracking. In addition,
a mechanical structure holding the instrument will bc designed and fabricated. At present, wc have complctcd  preliminary
designs on mechanical mounting, stress analysis, optical configuration, tracking mechanism, and electronic apparatus. The
rcsuhs indicate that adequate performance of the airborne systcm. is cxpcctcd.  Wc plan to complctc  the imt rurncnt  and
s(arl cxpcrimcnts in the summerof1994,
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